Consequences of a Pati-Salam unification of the electroweak-scale active vr model 
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If right-handed neutrinos are not singlets under the electroweak gauge group as it was proposed 
in a recent model, they can acquire electroweak scale masses and are thus accessible experimentally 
in the near future. When this idea is combined with quark-lepton unification a la Pati-Salam, one 
is forced to introduce new neutral particles which are singlets under the Standard Model (SM). 
These "sterile neutrinos" which exist in both helicities and which are different in nature from the 
popular particles with the same name can have their own seesaw with masses in the keV range for 
the lighter of the two eigenstates. The keV sterile neutrinos have been discussed in the literature 
as warm dark matter candidates with wide ranging astrophysical consequences such as structure 
formation, supernova asymmetries, pulsar kicks, etc. .In addition, the model contains W-like and Z- 
like heavy gauge bosons which might be accessible at the LHC or the ILC. An argument is presented 
on why, in this model, it is natural to have four families which can obey existing constraints. 
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I. INTRODUCTION 

The deep question of whether or not the existence of 
neutrino masses has anything to do with parity violation 
in the weak interactions has been investigated in clas- 
sic papers of Ref . 1] on the Left- Right symmetric model, 
linking the scale of "parity violation" (the mass of the 
gauge bosons Wr, Mw r ) to the neutrino masses ra v : 
m v — > as Mw R — > oo (the V-A limit of the weak inter- 
actions). This interesting link stimulates further looks 
into the meaning of "parity violation" and its possible 
connection to neutrino masses. 

The most popular mechanism, the so-called see-saw 
mechanism [2J, for active neutrinos to have a very small 
mass is to enlarge the minimal SM by bringing in right- 
handed neutrinos and to have two widely separated 
masses: a Dirac mass coming from a lepton- number 
conserving term in the Lagrangian which should be much 
smaller than a Majorana mass Mr coming from a lepton- 
number violating term. The nature of these two mass 
scales is very model-dependent. Nothing is known about 
either mrj or Mr but only about the ratio m 2 D /Mr (the 
mass of the lighter neutrino) which is generally thought 
to be below an eV or so. 

In a generic seesaw model, the right-handed neutri- 
nos are sterile i.e. SM singlets. As a consequence, the 
Dirac mass mo is proportional to the electroweak break- 
ing scale, although its Yukawa coupling is arbitrary. The 
right-handed neutrino Majorana mass Mr on the other 
hand is generally thought to be close to a typical Grand 
Unified Theory (GUT) scale, an expectation which is gen- 
erally based on the embedding of the SM into a larger 
gauge group such as e.g. 50(10). (Light sterile neutri- 
nos have been considered in models such as Q.) 

If the right-handed neutrinos are not SM singlets, 
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the situation can change dramatically. For example, if 
they are partners in doublets with right-handed charged 
leptons- the so-called mirror leptons which cannot be SM 
right-handed charged leptons because of neutral current 
constraints, Mr is necessary related to Aew an d fur- 
thermore they can contribute to the invisible Z width 
unless Mr > Mz/2. This is a model presented in [J] 
where the right-handed neutrino masses are "confined" 
to a rather "narrow" range Mz/2 < Mr < Aew- (An- 
other model where there exists SM non-singlet neutral 
leptons was discussed in |5|.) Electroweak scale SM ac- 
tive right-handed neutrinos have an appealing aspect to 
them: They can be proved or disproved at colliders. One 
of the characteristic signals is like-sign dilepton events 

The model of [J] is based on the assumption of the 
existence of mirror fermions (both quarks and leptons) 
in the SM: For every SU(2) L SM left-handed doublet 
(e.g.(f, e)x,) there is a mirror right-handed doublet (e.g. 
(y, & M )r) and for every SU(2) l right-handed singlet (e.g. 
eft), there is a mirror left-handed singlet (e.g. e|f )). 
(The idea of mirror fermions have been entertained in 
e.g. [![.) In [9[, contributions of the mirror charged lep- 
tons to Lepton-Flavor- Violating (LFV) processes such as 
fi — > e 7 and t — *■ /i 7 were discussed and constraints were 
put on couplings which have implications on both future 
LFV searches and like-sign dilepton events. (As men- 
tioned in [H, @ , the contribution to the S parameter from 
the mirror fermions (quarks and leptons) can be offset 
by the negative contribution to S from Higgs triplets and 
doublets and from the Majorana neutrinos fiol. TTTL f]~3] . ) 

In Q, no attempt was made to unify quarks and lep- 
tons. One of the nice features of quark-lepton unifica- 
tion is the group-theoretical explanation of charge quan- 
tization. There are of course several ways to do so and 
that might involve a single Grand Unified (GUT) scale 
or several intermediate scales. One popular intermedi- 
ate unification step is the Pati-Salam group SU(A)ps 
where quarks and leptons are grouped into the fundamen- 
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tal representations (the lepton being the fourth "color" ) 
fl3l ]. This is particularly useful if there is some kind of 
left-right symmetry. Because our model contains mir- 
ror fermions, it turns out that unification a la Pati- 
Salam with the minimal particle content of [4| cannot be 
achieved unless one introduces new neutral leptons which 
are singlets under the SM: the "sterile" neutrinos. To be 
more precise, the SU(2)l singlet particle content of [3] is 
as follows (the notations used are generic): cZr, d 1 ^ , ur, 
, en, e^f . It is shown below that the SU (4) P g quartets 
can be (dR,en), (d^J,e^). The SU(4)ps completion can 
be made by introducing SM singlets Nl^r so that one has 
(ur, Nr) and (ujf ,Nl). This is where the sterile neutri- 
nos of both helicities arise in our model. Unlike a typical 
model containing sterile neutrinos where there is usually 
an intrinsic link- and hence a tight constraint- between 
the active and sterile sectors, it will be seen below that 
this link is at best very weak in our model and one is not 
bound by constraints from the active sector. 

The extension of the SM gauge group to accommo- 
date this fermion content leads back to the old idea of 
petite unification as embodied in the group SU(4) ps <$ 
SU(2) L <g> SU(2) R ® SU(2)' L <g> SU(2)' R Q The new 
twist in the present work is the identification of the 
electroweak SU(2) group as the diagonal subgroup of 
SU{2) L <g> SU(2) R , differently from [14]. Furthermore 
this extension leads to the existence of new heavy gauge 
bosons in the weak sector which are different from those 
which have been entertained so far. In addition, it will 
be shown that the Pati-Salam unification scale is much 
larger than that entertained in [3, HB] • The unification 
is no longer "petite" in this new framework. 

We will present the construction of this model from 
the bottom up point of view. The plan of the paper 
is as follows. First, a summary of the model of [J] is 
presented. Second, we then show that many features of 
that model can be easily understood by an extension of 
the SM gauge group to a partial unification scheme in the 
manner of Petite Unification 14]. It will be shown in that 
section that, in order to complete the fermion assignment 
of the model, one has to introduce new "sterile neutri- 
nos" which come with both chiralities and which might 
have interesting astrophysical consequences. Third, we 
discuss the various mass scales including those that are 
relevant to those sterile neutrinos, as well as some pos- 
sibilities concerning the masses of the mirror fermions. 
Fourth, we present some aspects of phenomenology of the 
model, including the computation of sin 2 9w(M^) which 
is analogous to the one carried out in [lj] for a similar 
model. Finally, we end the paper with a brief discussion 
on the embedding of the above model into a still larger 
orthogonal group in which families from spinors arise in 
an interesting way. In particular, we will present an ar- 
gument supporting the possibility of a fourth family as 
well as an argument why the fourth neutrino can have a 
mass of the order of the electroweak scale (evading the Z 
width bound). 



II. MIRROR FERMIONS AND ELECTROWEAK 
SCALE RIGHT-HANDED NEUTRINOS: A 
REVIEW 

Below we will review the essential elements of the 
model presented in We start with a change of nota- 
tion concerning the weak group SU {2)l- Since our model 
contains both left and right-handed fermions transform- 
ing in a similar way under SU(2)l, it would be appro- 
priate to change SU(2) L into SU{2) V . 

• Gauge group: SU(3) C <g> SU(2) V <S> U(1) Y - 

• Fermion content: (Mirror fermions will be ac- 



companied with the superscript M and the sub- 
script i below denotes a family index) 

i £ =(^)=(l,2,r/2 = -l/2) ) (la) 

Ir = =(l,2,y/2 = -l/2), (lb) 

QL= (^) = (3,2,Y/2=l/6), (lc) 

1r= (tff ) =(3,2,F/2 = l/6), (Id) 

e iR =(l,l,Y/2=-l), (le) 

e£ = (l,l,372 = -l), (If) 

u ifl = (3,l,Y/2 = 2/3), (lg) 

uf[ = (3,1,172 = 2/3), (lh) 

^ = (3,1,172 = -1/3), (li) 

dg = (3,l,y/2 = -l/3). (lj) 
• Higgs content: 

* = (^0) =(1,2,172=1/2) (2) 

*=T2^ = ^f S + ) =il ' 3 ' Y/2=lh 

(3) 

£= Q° j =(l,3,Y/2 = 0), (4) 
fcr = (l,l,Y/2 = 0). (5) 



Higgs triplets such as in were considered earlier 
in various contexts [161 ]. 
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• Majorana mass 

The interaction Lagrangian is listed in Q and, in 
a more complete form, in [9(. Here, for the review 
purpose, we will just give the Yukawa interaction 
Lagrangian to illustrate the main point of Q : The 
right-handed neutrino Majorana mass is of the or- 
der of the electroweak scale. 

In what follows, we will assume as in 0] a global 
U(1)m symmetry under which the mirror fermions 
as well as x an< i transform non-trivially while 
the SM fermions and Higgs doublet are singlets. 
This is first to prevent the appearance of a bare 
Dirac mass term for the neutrinos. As shown in 
[H, it also allows for the coupling giving rise to a 
Majorana mass term for the mirror right-handed 
neutrino while preventing a Majorana mass term 
for the left-handed neutrino. Notice that the lat- 
ter is known as Type II seesaw where, in a generic 
scenario, the Higgs triplet has a small VEV which 
is not the case here. However, it will be seen be- 
low that this is unnecessary when the SM gauge 
group is extended: Gauge invariance under the 
extended gauge group automatically forbids these 
terms. Furthermore, the same global U(1)m sym- 
metry prevents a Majorana mass term for the left- 
handed neutrinos. Again, it will be seen below that 
the Higgs content of the extended gauge group in- 
sures the absence of this term. 

The Majorana mass of the right-handed neutrinos 
comes from the following Lagrangian: 



C 



M 



Ir' T °2 9m (t 2 x) I 



R 



H.c. 



(6) 



Here l R denotes a column vector with n families to 
be general, and <?m denotes a n x n matrix. When 

(x°) = vm , (7) 

the Majorana mass matrix for the right-handed 
neutrinos is 



Mr = g M vm 



(8) 



• Dirac mass 

The Dirac neutrino mass matrix comes from the 
following Lagrangian 



C 



s 



-Pl 9 SI 1 r U1 05 + H.c. 

i-O 0,M . -0 0,M\ , . rj / n \ 

= -{v l 9siVr +e L g S ie R ' )<j> s + H.c, (9) 



jO,M 



where the superscript is only relevant for the 
charged lepton part where, as shown in [9], the 
charged lepton mass eigenstates mainly come from 
the coupling to Here gsi is an n x n matrix. 
With (4>s) — v s, the Dirac neutrino mass matrix is 



m D = gsi v s 



(10) 



• See-saw 

The see-saw mass matrix is 



M 2 = 



mjj 
m D Mr 



(11) 



In [4|, various implications of the model in which 
Mr = 0(100 GeV) were discussed. In particular, 
in order for the light neutrino mass to be of 0(< 
1 eV), one should have mo ~ 10 5 eV. We will come 
back to this point below. 

Custodial symmetry and p = 1 

When the eigenvalues of Mr are much larger than 
those of mo, one obtains the usual seesaw formula 
for the lighter neutrinos 



m u = —rn^)M R mjj 



(12) 



where as the (almost) right-handed neutrino mass 
matrix is approximately Mr. As discussed in de- 
tail in [1], the VEV of x°, v m, can be of order of 
A_eiy ~ 246 GeV because of a remnant custodial 
SU{2) that is guaranteed at tree level that comes 
from the breaking of a global SU(2) L ® SU(2) R 
down to SU(2) with x and C being grouped into its 
(3,3) representation as 



X 

x~ 
x~ 



r x ++ 

e x + 
r x 



o* 



(13) 



Furthermore, the Higgs doublet can be written as 

a0 a- 



(14) 



which transforms as (2, 2) under SU(2) L ®SU(2) R . 
SU{2) L ® SU(2) R -> SU(2) when 



v M 
(X) = | v M 
v M 



and 



v 2 
v 2 



(15) 



(16) 



A detailed discussion of the minimization of the 
Higgs potential given in [TtJ indicates that the 
above VEVs take the form as shown in ([15]) in order 
to have a proper vacuum alignment. 

This custodial symmetry guarantees that p = 1 
at tree level. In consequence, vm can be of or- 
d er of h-Ew ~ 2A6GeV. In fact, Aew — v — 
V^2 + 8 v 2 M w 246 GeV with M w = gv/2 and 
Mz = Mw I cos Ow ■ As discussed in Q , the active 
right-handed neutrinos have now electroweak scale 
masses and can be produced at colliders. This and 
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other issues are discussed in HQ. Also, the pres- 
ence of the mirror charged leptons give rise to LFV 
processes \x — > e 7 and r — > 7 Q with implications 
concerning the search for like-sign dileptons. 

Mass scale issues 

Several issues were discussed in Q such as the one 
concerning the scale of the Dirac mass matrix. If we 
denote the largest eigenvalue of mo by g™^ x vs and 
requiring that the light neutrino masses be less than 
0(1 eV), it can be seen that g^ ax v s < 10 5 eV for 
Mr ~ O(Aew)- For example, one has vs ~ 10 5 
for g^ ax ~ 0(1) or v s ~ 0(A SW ) for fl$ oa! ~ 
O(10 -6 ). Some speculation on vs was discussed in 
We will return to this issue below. 

Another issue of interest is the usual question of 
why the mirror quarks and leptons are heavier than 
their SM counterparts because they have not yet 
been observed. This is a quintessential question 
that goes to the heart of particle physics: Why 
do quarks and leptons have the masses we think 
they have? Needless to say, there is at the present 
time no satisfactory answer to that question al- 
though there exists many models of quark and lep- 
ton masses. The same uncertainty applies to any 
extension of the SM, in this case the existence of 
mirror fermions in our model. However, we shall 
use, as one example, a particular model of quark 
masses and suggest how the disparity in masses in 
the two sectors may have something to do with the 
ratio of two breaking scales, or equivalently the ra- 
tio of the two masses: Ml R and Mz, where M^ R 
is the scale of the breaking of SU(2) l ® SU (2) R to 
SU(2) V . 



III. PARTIAL UNIFICATION OF SM AND 
MIRROR QUARKS AND LEPTONS: 

SU{A) PS ® SU(2) L ® SU(2) R <g> SU(2)' L ® SU(2)' R 

The possibility of unifying quarks and leptons into a 
single representation of some larger gauge group which 
contains the SM is an old idea which still retains its ap- 
peal despite the present lack of direct experimental ev- 
idence. Among the many desirable features of the idea 
of unification is a rather natural explanation for charge 
quantization a.k.a the relationship between quark and 
lepton charges, or that between quark and lepton hyper- 
charge quantum numbers. In most cases, this relation- 
ship comes from the fact that the hypercharge generator 
is proportional to one of the generators of the unifying 
group. 

In the SM, one may say that the requirement of 
anomaly cancellation automatically determines the hy- 
percharge of, say, the leptons once that of the quarks is 
given, or vice versa. However, in our model with mirror 
fermions, anomaly cancellation can be realized between 
left and right-handed leptons separately, e.g. between 



li, and l R , and similarly between left and right-handed 
quarks. As viewed from this angle, one might be tempted 
to conclude that charge quantization necessitates some 
form of unification, perhaps more so than in the SM. 

The path to unification can be very diverse. It can go 
through several intermediate energy scales or it can go 
directly to the unification scale through a desert in be- 
tween. In what follows, we shall choose the former path, 
namely one in which the SM gauge group is embedded 
into products of simple groups which could eventually 
merge into a simple unifying group. 



A. Description of the model 

In a similar fashion to iTJ, [l~5| , we will assume that the 
gauge group SU(3) C <g> SU(2) V ® U (l)y characterized by 
three different gauge couplings #3, <?2 and g' is embedded 
in a group which is characterized by two different cou- 
plings: Gs(gs) ® Gw(gw)- Here as in [3, [lj|, we will 
take Gs{gs) to be the Pati-Salam gauge group 5[/(4)ps 
and Gw(gw) to be SU{2) L ®SU{2) R ®SU{2)' L ®SU{2)' R . 

The pattern of symmetry breaking will be as follows 

G^G 1 ^G 2 ^ SU(3) c ®SU(2) v ®U(1)y , (17) 
where 

G = SU(4) p S ® 517(2) L ® SU{2) R <g> SU(2)' L ® 5£7(2)^ , 

(18) 

Gi = SU(3) c ®SU(2) L ®SU(2) R ®SU(2y L ®SU(2) R m(l)s- 

(19) 



G 2 = SU(3) C O SU(2) L ® SU(2) R $ 17(1), 



(20) 



Notice that, in the above, SU(2)v is a diagonal subgroup 
of two of the 5/7(2) 's which we take to be 



SU(2) L <g> SU(2) R -» SU{2) V 



(21) 



In dealing with fermion assignments, it is useful to 
write down explicitly the charge operator as follows 



where 



Q = T 3V 



Y 
2"' 



Y 
~2 



3V — J3L i" T 3R 



T3L + 



T 



15 • 



(22) 



(23) 



(24) 



and 



/I 



T) 



15 



2V6 



(25) 
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The factor J | denoted by Cg in [3, EH is determined 



from the charge structure of fermions. For classification 
purpose shown below, we will use (|22| and (l24l) . (For the 
purpose of comparison, one can consult [14, Il5|.) 

What we will show in the next section is the need for 
introducing electrically neutral, SU(2)v singlet left and 
right-handed fermions, the so-called "sterile neutrinos" 
Nl and Nr, in order to be able to complete the fermion 
assignment of our model. 



B. The need for the "sterile neutrinos" Nl and Nr 

What are the fermions listed in the last section that 
can be grouped into a quartet of SU(4)ps7 From l|2"2|) 
and one can easily obtain the following grouping 

under SU(A) PS <g> SU(2) L <8) SU(2) R ®SU(2)' L <g> SU{2)' R : 



*L = ( 



* R 



ul 



a R 
jM 
a R 



) = (4,2,1,1,1), 



(26) 



M 
'R 

-M 



) = (4, 1,2, 1,1) (27) 



as can be seen from looking at (jlajl . (flcl) . (jTbJ) and (|ld|) . 
According to the symmetry breaking pattern (|21[) . both 
SM left-handed doublets and the mirror right-handed 
counterparts transform as doublets under SU(2)v as laid 
out in the model of [4|. 

This leaves us with the SU(2) V singlets: ([Ie[). ([if}, 
( fig] ), (jlhjl . (fTi} . and ( fljj ). Here the charge operator takes 
the form: 



Y 



W singlet 

Noticing that 



2 =^ L +T^ + W^T 15 . (28) 




1/6 



1/6 



1/6 



(29) 



-1/2/ 



it is easy to see that one can group and into 
a quartet of S77(4) FS with T^ R = -1/2 and T^ L = 0. 
Similarly, one can group ef[ and d^ into a quartet of 
SU{4)p S with T 3 ' R = and T^ L = -1/2. As it stands 
with the particle content of Q , it leaves us with the "or- 
phaned" Mjij and uf[ which, in this new scheme, would 
have T^ R = +1/2 and Tg L = +1/2 respectively. In order 
to complete the fermion assignment, we propose to add 
the following SU(2)v electrically neutral singlets: Nl 
and Nr. These singlets will be, in our scenario, the 
"sterile neutrinos" which are quite different from those 
with the same names. Here, these sterile neutrinos come 
with both chiralities whereas the common usage of the 
adjective "sterile" in the literature refers to mainly right- 
handed neutrinos. Let us remind ourselves that the right- 
handed neutrinos of the model of [1] are parts of doublets 



of SU(2)v and therefore are non-sterile. With these 
"sterile neutrinos", Nl and Nr, we can complete the 
fcrmionic assignment of the SJ7(2)y-singlet sector as 



Ur 
R 

,M 



df 



N R 

e-R 



N L 

M 
C L 



) = (4, 1,1, 1,2), (30) 



(4,1,1,2,1) 



(31) 



The introduction of the "sterile neutrinos" Nl and 
Nr, within the Petite Unification scheme, to complete 
the fermionic assignment is a rather surprising and inter- 
esting extension of the model of Let us notice that 
although this model contains the same gauge group and 
the same number of fermion degrees of freedom as the 
model of [l4[ , the big difference lies in the interpretation 
of the meaning of mirror fermions and in the SM gauge 
group itself. Here, the weak SU{2) gauge group comes 
from the breaking SU(2) L ®SU(2)r -> SU(2) V whereas 
it is the SU(2)l of Gw m [Oil- The new interpreta- 
tion has a number of advantages over the old one such 
as the emergence of electroweak scale right-handed neu- 
trinos with interesting implications [1, Q , a much larger 
Petite Unification scale, and several others that will be 
discussed below. In addition- and this is an interest- 
ing bonus- there exists "sterile neutrinos" which could 
have important astrophysical implications to which we 
will come back in the following sections. 



IV. MASSES OF N L AND Nr, AND OF MIRROR 
FERMIONS 

Having introduced the sterile neutral leptons ./V^ and 
Nr, one would like to have some hints on the possible 
mass ranges that one might expect for these leptons. 
Closer to home, the mirror fermions are assumed to be 
heavy since none has been detected so far. The ques- 
tion is why they are supposed to be heavier than their 
SM counterparts. In what follows, we will try to provide 
some rationale for this aspect of mirror fermions. 



A. Generalized "see-saw" involving Nl and Nr 

In order to discuss neutrino masses, we need to study 
the Higgs sector of the model. In particular, we will 
concentrate in this section on the Higgs fields that couple 
to the fermions. In this section, we will leave out the 
intergenerational mass splitting and will focus mainly on 
the mass differences between quarks and leptons and, in 
particular, between the neutral leptons and the rest. 

• Dirac mass terms involving Nl and Nr: 

In this section, the Dirac masses for the neutral 
leptons involve mixing between vl and Nr, and 



6 



and Nl . This is different from the Dirac mixing 
terms between the ST/(2)y-active v L and 

For SM fermions, the Dirac mass term would be 
proportional to the product 



* L x V R = (1 + 15,2,1,1,2) 



(32) 



The Higgs field that can couple to this fermion 
bilinear can be of two types under SU(A)ps ® 
SU{2) L ®SU(2) R ®SU(2)' L ®SU{2)' R : (1,2,1,1,2) 
and/or (15,2,1,1,2). Note that the VEV of 
(1,2,1,1,2) would give equal masses to the SM 
quarks and leptons with the same Gw quantum 
numbers. If the (15,2,1,1,2) is also present, its 
VEV would split quark and lepton masses. We have 
the following notations 

$ S = (1,2,1,1,2);$ A = (15,2,1,1,2). (33) 

Explicitly, one has 



and 



4>. 



J S,u VS,d 



,/3 -V 



2 ' 



(34) 



(35) 



where are the generators of SU (i)ps with j3 — 
1, .., 15 and (f> A is a 2 x 2 matrix of the form shown 
in 01. 



Similarly, for the mirror fermions we would have 

V%xV% = (1 + 15,1,2,2,1). (36) 
The related Higgs fields arc 

$| J = (1, 1, 2, 2, 1) ; = (15, 1, 2, 2, 1) . (37) 
Here, we also have 



V <Ps,u Vs.* 



0,M _±+,M 
S,u YS,d 



and 



M _ jB,M 



A/3 



(38) 



(39) 



In the above the superscripts "S" and "A" refer to 
a singlet and an adjoint of SU(4)ps- 

Let us define 



$ 5 = r 2 $J r 2 ; $ A = r 2 <S>* A r 2 , 



and 



M 



t 2 $ g r 2 ; $ A = t 2 $ ; t 2 , 



Af 



(40) 
(41) 



One can now write down the Yukawa interactions 
which give rise to the Dirac masses as follows. 

^Dirac = 2/1 $S + 2/2 *L $S + 
y 3 *L $A + 2/4 *L $A + 

+H.c. (42) 



We assume the following VEVs: 

{<t>s,u) = v u 5 (0s,d> = v d , 



/0,M\ 



.,M . /J,0,Af\ 



,,A/ 



(43) 
(44) 



Since 15 = 8 + 3 + 3+1 under the subgroup SU(3) C , 
one can only have 



,M,15\ ^15 



With 



2-y/6 



J.M+5\ 
<PA,u ) 

2 a/6 



^15,« ; — — =" = Vi5 y d , 



-^15,11 , 



2VQ 

,,M,15\ 

2V6 



J 15,d ! 



(45) 



(46a) 



(46b) 



we obtain the following mass scales for the SM 
fermions 

mu = yiv u + y 2 v d + y 3 v 15 ^ u + y 4 v 15id , (47a) 

m u L N a = Viv u + y 2 Vd - 3(2/3«i5,u + 2/4«i5,d) , (47b) 

= yiVd + 2/2«« + 2/3^15, <j + 2/4^15, « , (48a) 
toe = 2/i«d + 2/2«« - 3(y 3 ui 5id + 

) . (48b) 

and, for the mirror fermions, 

mu, = y^vt 1 + y^vf + y 3 M < u + 2/ 4 M < d , (49a) 



m u M NL =y?v»f +2/2 M -f-3(2/3 M <„+2/4 M -i V l d ), (49b) 



m DM = yf «f + yf vff + yf < d + yf <,„ , (50a) 



Af„,Af 



m E u =y?vT + y?v? -3(yf< d + yr<J- ( 50b ) 

As we shall see below, the generalized "see-saw" in- 
volving Vft, Nl, and ./Vr will now also depend 
on niv L N R and m v M NL . Furthermore, it will be 
seen that, with the existence of electroweak-scale 
right-handed neutrinos in our model, any addi- 
tional "Dirac" term will be constrained to be small 
(how small this is will be the subject of the next 
section). There might be several ways to achieve 
this and we will show two of such possibilities. 
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• Majorana mass terms involving v¥: 

The electroweak-scale right-handed neutrino model 
of [1] invokes two Higgs triplets ^ and (TJJ. As 
mentioned above, the Majorana mass term involves 
([3]) while p = 1 at tree-level requires the addition 
of the triplet In the context of SU(4)ps ® 

5t/(2) l®SU(2)r® SU(2)' l <g> SU(2)' R , the fermion 
bilinear of interest would be 



M,T 



,, tr a *S = (4x4 = 6 + 10,1,1 + 3,1,1) 



(51) 



Under the subgroup ST/(3) C , one has the decom- 
positions: 6 = 3 + 3 and 10 = 1 + 3 + 6. Since 
one is looking for a Higgs held that has a non-zero 
VEV, this Higgs held should contain a singlet un- 
der SU(3) C as well as being a SM triplet. In conse- 
quence, we shall take 



(10= 1 + 3 + 6,1,3,1,1) 



(52) 



where the SU(3) C singlet part (1, 1, 3, 1, 1) couples 
only to the leptons.. The Lagrangian is 



The VEV of $i is given by 

($ 10 ) = ((1,1,3,1,1)) =VM- 



A I 



(53) 



(54) 



Notice from ©, ©, (JS5]) and that (JSU) which 
involves an SU(3) C singlet only gives a Majo- 
rana mass to the right-handed neutrinos as in ([8]), 
namely Mr = g M v M - 

One important remark is in order at this point. In 
[H, in order to avoid a Majorana mass term of the 
type v^o-iVl which could, in principle, come from 
the coupling to the triplet a global symmetry 
U(1)m was imposed. In the present framework, one 
notices that *Jct 2 *l = (6 + 10, 1 + 3, 1, 1, 1) does 
not couple to <&io. In consequence, the Majorana 
mass term does not exist as long as only $io is 
present and there is no need to invoke the U(1)m 
symmetry. 

The phenomenology of $10 is quite interesting in- 
volving in particular its color-non-singlet compo- 
nents. This will be discussed in the phenomenology 
section below. 

• Dirac mass terms involving vl and 

What would be the equivalent of Eq. © for the 
neutrino Dirac masses and how does the singlet 
scalar field 0s? 

Let us look at the following bilinear: 



* L = + 15, 2, 2, 1,1). 



(55) 



From (|55p , it is clear that a bare Dirac mass term of 
the type mo ^ l ^r is not allowed by gauge invari- 
ance. In Q], a global U(1)m symmetry was imposed 



by hand to prevent such a term and we have just 
seen that it is not necessary to do so here. 

Let us choose the following Higgs field with four 
real components 



$ s = (1,2,2,1,1). 



(56) 



How is $5 a singlet like </>s under SU(2)y! Obvi- 
ously, it is not but one of its components is. To see 
this, let us recall that SU(2) ® SU(2) ~ S*0(4) and 
a (2, 2) of SU{2) ® SU{2) is just a quartet repre- 
sentation of 50(4). We can write 



s = \9s 



,*s) e SO(4) 



(57) 



where 7?s has three components. Under the diag- 
onal subgroup SU(2)v of SO(4), 7?s is a "vector" 
while (j>8 is a singlet. In summary, under SU(2)y. 



t?s ~ 3 ; 4> s ~ 1 • 
Explicitly, we have 

f (f> s + nr 3 s -775(4 + ^5) 



(58) 



(59) 



A few comments are in order at this point. A quick 
glance at (|59| reveals a form that looks very much 
like how one would also present a complex Higgs 
doublet for the SM SU(2) L . The big difference lies 
however in the fact that (f>s in ([59")) is now actually 
a singlet of SU(2)v unlike the case with the SM. 
Therefore, its VEV does not break SU(2) V as in 
1. 

The Lagrangian here is 



With 



C D = *l gsi ®S *r + H.c. 
s) = vs, we have 



($.1) = 



vs 
v s 



(60) 



(61) 



n} gives rise to the Dirac neutrino mass matrix 
among vl and v R as (p~0|) . namely mo = gsi.vs- 
Furthermore, (|60|) also gives rise to mass mixing 
between SM charged fermions and their mirror 
fermion counterparts. This has been thoroughly 
discussed in d, [§] and it was found that those mix- 
ings are negligible, for the changes to the eigen- 
values of the charged fermions are of the form 
m D / (mjM — rrifsia) -C (mjM, m^sm) since, as we 
briefly review in (JTTJ) , mo ~ 10 5 eV. 

At this point, an important remark is in order 
here. Let us notice that ($5) = vs 7^ sponta- 
neously break SU{2) L ® SU{2) R down to SU{2) V . 
As discussed below, the scale M^r associated with 
SU(2) L <g> SU{2) R -> SU{2) V is of 0(< ITeV). 
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It is natural to ask whether or not one could iden- 
tify tig with Mlr. If this is the case, the Yukawa 
coupling gsi would have to be 175/ ~ 10~ 7 in order 
for mo ~ 10 5 eV in an electroweak scale see-saw 
scenario. There might not be anything unnatural 
about the smallness of this Yukawa coupling since 
the SM contains couplings of that order such as the 
electron Yukawa coupling, gsi needs not necessar- 
ily be of order unity. This might be the simplest 
scenario. Furthermore, as we shall see in the last 
section of the paper on families from spinors, it is 
quite natural in this framework to have a fourth 
family. There we argue that the fourth neutrino 
can be heavy (> Mz/2) while the other three are 
light because gsi is generated at the one-loop level 
and can be ~ 10 -7 . Another more complicated 
scenario with gsi ~ 0(1) and vs ~ O(10 5 eV) is to 
add another similar Higgs field with a large VEV 
and forbids a coupling of the type l|60p by some 
global or discrete symmetry. 

• Majorana mass terms involving Nr 

The appropriate fermion bilinear is 



o 2 = (4 x 4 = 6 + 10, 1, 1,1,1 + 3). 



(62) 



In a similar fashion to (f52"|) , we introduce a Higgs 
field 

$iojv = (10 = 1 + 3 + 6,1,1,1,3), (63) 
with a Lagrangian 

£m,n = ^r o 2 g M ,N (t 2 $iow)*fl + H.c. . (64) 

Once more we notice that, as long as only $iojv 
is introduced, there is no coupling of the bilinear 
^>^' T a2^ L I to $ioat which, if present, would give 
rise to a Majorana mass term N^ct^Nl- 

The VEV of <P WN will be 

($iojv) = ((1,1,1,1,3))=?;m,jv, (65) 

giving rise to the Majorana mass for the right- 
handed sterile neutrino Nr: 



Mr = g M ,N v m ,n ■ 



• Dirac mass terms between Nl and Nr 

The Dirac mass term Nr Nl is contained in 

* R x*% = (1 + 15,1,1,2,2). 



(66) 



(67) 



Let us notice that because of (|67l) . there is no bare 
mass term Nr Nl since it is forbidden by gauge 
invariance. ([57)1 . in addition to NrNl, contains 
mixings between the right-handed SM charged 
fermions with the left-handed mirror fermions, all 



of which are SU(2)y singlets. One can choose for 
the Higgs field 

$£ = (1,1,1,2,2). (68) 

This Higgs field is of course SU (2) v singlet. This 
is similar to the case considered in 0, Q . Its VEV 
is 



K ; - { 1$ 



The relevant Lagrangian is 

CZ = 9 R g$$%*? + H.c, 
giving the following Dirac mass 



(69) 



(70) 



<=9$v%. (71) 



Once again, a remark concerning the size of Vg 
is in order here. If we assume that Vg ~ vs ~ 
0(< ITeV), it follows, from the discussion pre- 
sented below, that gg ~ 10~ 5 - 10 -7 . The re- 
marks made above concerning small values of the 
Yukawa couplings apply equally to this case. Let us 
also notice that the symmetry breaking pattern, at 
M, SU(2)' L ® SU(2)' R ® U(l) s U(1) Y requires 
a Higgs field with non- vanishing U(l)s quantum 
number which will not couple to Nl Nr for the lat- 
ter has a vanishing U(l)$ quantum number. One 
will not have to worry about the scale M (to be 
discussed below) 

• Generalized "see-saw" 

One can now put the pieces obtained above to write 
a "see-saw" matrix which is now a 4 x 4 matrix 
instead of 2 x 2 one as follows. 



Ma 






m D 







mo 


Mr 


m u%N L 












N 
m D 


m VL N R 


N 
m D 


Mi 



(72) 



/ 



Let us notice that (|72p would decompose into 
two 2x2 blocs had m UL N R = m v M NL = 0, 
and its diagonalization becomes straightforward. 
For the upper 2x2 bloc, a previous discussion 
made in Q implied that, for Mr - O(100 GeV), 
mo ~ 10 5 eV. The other elements of M4, namely 
171 vl n r , m v^ n l 1 m D i Mr , are "unconstrained" at 
this stage. However, they are actually "con- 
strained" in the sense that they might influence the 
active-sterile mixing angles as we shall see below. 

• Numerical examples 

To gain some insight, let us vary 
m v L N R , m v™ n l 1 TO z> ' Mr and observe the pattern 
of mass eigenvalues. An exhaustive numerical 



9 



study is beyond the scope of this paper. However 
it will be useful to show a few numerical examples 
for illustration. 

In the discussion that follows we will concentrate 
on the overall mass scales of various neutral lepton 
sectors and will ignore flavor differences for the time 
being. Several special cases will now be listed. 

- m„ LNE = m^M NL = 0: 

There is, of course, no reason why this should 
be the case but, for the sake of clarity, it 
will be shown as a first step in our discus- 
sion. The mass eigenvalues are now straight- 
forwardly given as 



M R ±^M]~ 



4ml 



(73) 



Mr 



for the non-sterile sector, where the approxi- 
mation comes from the case where vtld -C Mr, 
and 



M 4 
Mr 



sterile neutrinos. Let us start with a few ex- 
amples in which the heavier sterile neutrino 
has a mass of the order of Mr. To be defi- 
nite, we shall take as in Q the following val- 
ues for mo and Mr, namely Mr = 100 GeV 
and tub = 10~ 6 Mr, with the understanding 
that these values are mainly for illustration 
purposes, 
a) 

10~ 6 4 x 10" 9 

10~ 6 1 4 x 10" 9 

4xl0~ 9 1.8.10~ 4 
4xl0~ 9 1.8. 10" 4 1 

The eigenvalues and eigenvectors are as fol- 
lows (for Mr = 100 GeV): 



m i 



-0.1 eV; 
-v h + 10 6 , 
-2.2 x 10 _1: 



(76a) 



N, 



2.2 x 10 _5 7V L 



± 



(74) 



for the sterile sector, where Eq. (|74p is left in 
its full form. 

For If73"]). we have seen in [| that m D — 10 5 eV 
for Mr ~ O(100 GeV) in order for the light 
active neutrinos to have masses of 0(< 1 eV). 
The same thing cannot be said about the ster- 
ile masses, although there appears to be in- 
teresting mass ranges in the keV region which 
might be of astrophysical interest. We shall 
come back to this aspect below. 

m ^N R = m„M NL 7^ 0: 

This is the simplest next step. However, since 
this involves couplings that mix the active 
neutrinos vl and with the sterile ones, Nl 
and ./Vr, they will influence the mass eigenval- 
ues of the active sector and also their mix- 
tures in the mass eigenstates. The knowledge 
one has acquired in the determination of weak 
interaction couplings provides a strong con- 
straint on these mixing. An exhaustive phe- 
nomcnological study is beyond the scope of 
the present paper. However, some hints on 
what to expect will be presented here. Below, 
we will show two particular examples to see 
the correlations between these couplings and 
the mass eigenvalues and eigenstates of the ac- 
tive neutrino sector. 

We will concentrate on scenarios in which the 
heavier of the sterile Majorana neutrinos has 
a mass ranging from a few MeV to a few hun- 
dreds of GeVs. This meant to be an exam- 
ple in which one can have both keV and MeV 



m 2 
i> 2 



100 GeV ; 

io- 6 ^ 



v¥ +4x 10" 



'N L 



-7.3 x 10~ 13 7Vr 

msi « -3.24 keV; 
i>Si w -2.2 x 10~ 5 ^ L +4 x 10 
1.8 x 10" 4 7Vr, 



(76b) 



(76c) 



-9 ,,M 



Nr 



m S 2 ~ 100 GeV; 
i>S2 ~ 4 x 10~ 9 v L 



(76d) 



x 10~ 4 iV L 



Mi 

Mr 



b) We now present another example in which 
the heavier sterile neutrino mass could be in 
the MeV range, in particular 10 MeV . For the 
sake of comparison, we will show an example 
in which the lighter of the sterile neutrinos has 
a mass around 3.25 keV and sin# = 2.23 x 
10" 5 . 

4 x 10" 11 


1.8.10" 6 
0.0001 

(77) 






10~ 6 





10~ 6 


1 


4 x 10" 11 





4 x 10~ n 





4 x 10~ n 





1.8.10 -6 


with 







mi 



-0.1 eV: 



-vl 



1(T 6 i# 



-3.6 x 10~ n 7Vr : 



m 2 « 100 GeF 
v 2 ~ -10"% 
+2 x 10" 



M 



2.2 x 10 Nl 



4 x 10~ n 7V L 



(78a) 



(78b) 
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msi « -3.24 keV; (78c) 
v S i ~ -2.2 x 10~ 5 ^ L + 16.4x lQ~ n v^-N L 
+0.018 N R , 

m S2 ~ lOMeF; (78d) 
v S2 fa -4 x 10~ 7 ^ L + lO" 12 ^ 1 - 0.018 iV L 
-Nr. 

We would like to mention in passing that, as 
the mass of the heavier sterile neutrino in- 
creases, the mixing among the sterile neutri- 
nos also increases in the mass matrix. 



some of the relationships between the sterile masses and 
their mixing with the active sector. 

One last comment is in order here. The above nu- 
merical examples dealt with the overall mass scales and, 
in that sense, would look like a one generation case. A 
more "realistic" scenario would involve the usual three 
(or more) families. Nevertheless, one would expect that 
the above masses and mixing would not be changed much 
when three or more generations are involved. One might 
also expect that, if the heaviest among the light sterile 
neutrinos has a mass of a few keVs, some of the remain- 
ing eigenstates might be much lighter, even having eV 
masses. 



• Some comments on the numerics: 

We wish to make two remarks concerning the val- 
ues chosen for the matrix elements above. The up- 
per 2 x 2 bloc in ((751) and ([77]) was taken from Q 
and was chosen to give one electroweak scale mass 
eigenstate and one light (~ 0.1 eV) eigenstate for 
the active neutrino sector. The lower 2x2 bloc for 
the sterile sector was basically chosen phenomeno- 
logically to give a keV eigenstate and a heavier one 
with a mass ranging from 10 MeV to 100 GeV. Ba- 
sically the elements rn UL N R and m v M Nh will then 
determine the mixing angles between the active and 
sterile sectors. They were chosen in such a way as 
to obey the various constraints imposed on ster- 
ile neutrinos [HI, [l|| . We shall come back to this 
aspect in the section on sterile neutrinos. 

One might ask about the reasons why the mix- 
ing parameters between the active and sterile sec- 
tors in the mass matrices could be so small con- 
sidering the fact that m l/L N R (|47b[) and m u M NL 
(|49b|) are proportional to the same VEVs which 
give masses to the charged leptons and quarks. One 
first notices that even if we set m VL N R = and 
m u M N L = gi ym g r i se to two sets of relations, 
there would be no cancellations in the expressions 
for the charged lepton and quark masses. As a 
result, one might, from a phenomenological view- 
point set rn VL N R ~ m u M NL ~ O(10 Mr) for 
example. On the other hand the mixing mo (Eq. 
(fTTj]Q and (Eq. (fTTj) ) involve scalars which are 
SU(2)v singlets which, as it has been argued in 
[H, could have vacuum expectation values smaller 
than the electroweak scale. There would be no need 
of cancellations there in contrast with tyIv l n r and 
m v M Nh . 

A quick look at ([75)) and ([77[) reveals that, as the mass 
scales of the sterile sector decreases, the mixing between 
the active and sterile sectors also decreases within the 
context of our numerical examples. The astrophysical im- 
plications of these results will be discussed below. Need- 
less to say that these examples are shown to illustrate 



B. Masses of the charged mirror fermions 

We have alluded above to the fact that mirror quarks 
and leptons should be heavier than their SM counter- 
parts since they have not been observed so far. It is fair 
to ask the question: Why should they be heavier than the 
SM particles? First, let us remind ourselves that in this 
model the SM and mirror fermions are coupled to differ- 
ent Higgs scalars. In principle, there is no reason why 
the mass pattern of the two sectors should be similar. 

It is without any doubt that the problem of fermion 
masses is one of the biggest mysteries of the SM and, 
although there are many models, no satisfactory answer 
has been found and widely accepted. However, to obtain 
some hint on why the mirror fermions are heavier than 
the SM particles, one might for instance take some ansatz 
that could "fit" the SM mass pattern and try to see how 
to adopt it to the mirror sector. For simplicity, let us use 
the ansatz of [2(| (see also [Ilj]). Also for simplicity we 
will focus on the quark sector in this discussion. 

The hierarchical ansatz of [2(| is simply the following 
matrix (ignoring the phase factors) 

/ e 3 \ 

M H = m 3 e 3 e 2 e 2 , (79) 



with the mass eigenvalues to order e 4 being — e 4 , 7713 e 2 
and m 3 (1 + e 4 ). [H used e u = 0.07 and e d = 0.21 to 
reproduce the phenomenological mass hierarchies at the 
scale Mz- 

Let us assume a similar ansatz for the mirror quark 
sector 

/ e M \ 
Mm = m M 4i elr 4 ■ (80) 
V 4/ 1 ) 

Since tum cannot be too different from the electroweak 
scale, a value of cm similar to those of the SM quarks 
would engender light mirror quarks. To avoid this, eu 
would have to be significantly different from e u and Cd- 
Furthermore, in order to satisfy constraints coming from 
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the T parameter (to be discussed along with the S pa- 
rameter in Section flVip). we will assume, for the sake of 
discussion, that the up and down mirror quark sectors 
are "degenerate", namely ejj <~ ef f . What if the mass 
difference between the SM and mirror sectors is due to 
the disparity between the scale Mlr of the breakdown 
SU{2) L <g> SU(2) R -> SU(2) V and M z l Let us remind 
ourselves that above Mlr, the SM and mirror fermions 
have separate gauge interactions, SU (2) l and SU(2) R re- 
spectively, while below that scale they interact with the 
same gauge bosons of SU(2) V . We make the following 
ansatz: 



~M 



Mlr 
M z 



^SM 



(81) 



where €sm is some value between e u and e<j. We take 
as an example = 10, as discussed in the following 

section. The eigenvalues corresponding to ~ 0.8, 0.9 
are (1) m M (-0.37, 0.46, 1.55), (2) m M (-0. 56, 0.51, 1.86) 
respectively. For vtim ~ 0(> 250 GeV), all these mir- 
ror quarks are heavy. For example, with rriM = 350 GeV 



and i 



0.9, one obtains the following three mass eigen- 



values: (-196, 179, 651) GeV. We will briefly discuss the 
constraints on such masses in the section on phenomenol- 
ogy. A similar consideration can be applied to the mirror 
lepton sector yielding heavy mirror leptons. 

The above discussion is one of the probably many pos- 
sibilities of rendering the mirror fermions heavy. We now 
turn our attention to phenomenological constraints and 
implications of the model. 



M and M. (Notice that 9w refers to a slightly differ- 
ent angle than the usual one.) We then evolve the SM 
sin 2 9w from its experimental value at Mz to a value at 
Mlr. Next, we derive a relation between sin vw{Mlr) 
and sin 2 9w (Mlr). Using this relation, we then deter- 
mine the possible values for the aforementioned three 
scales. 

Unlike [HI, 0j| , our basic equations will start from the 
scale Mlr instead of Mz- This will be matched with the 
evolution of the SU (3) c ® SU(2)v ® U (l)y couplings up 
from Mz to Mlr- To be precise in our definitions, we 
first give a list of notations for the gauge couplings at 
various mass scales. 

. The group SU(3) c (g 3 ) <g> SU(2) v (g 2 ) ® U(l) Y (g') 
at M z . 

. The group SU(3) c (g 3 ) ® SU(2) L (g w ) <8> 
SU{2) R {g w ) ® U(l) Y (g') at M L r, 

. The group SU(3) c (g 3 ) <8 SU{2) L (g W ) ® 
SU(2) R (g w ) ® SU(2)' L (g w ) <g> SU(2)' R (g w ) ® 

U{l)s(gs) at M. 

• The group SU(A) PS (g s ) ® SU(2) L (gw) ® 
SU(2) R (g w ) ® SU(2)' L (g w ) ® SU(2)' R (g w ) 
at M. 

Followin g th e procedure of and using the same nota- 
tions as in [lj, [l5| , and making use of the definitions of 
T 2 y (Eq. (j23|) ). the SU(2)y gauge coupling is written at 
Mlr in terms of gw as 



V. CONSTRAINT FROM sin 2 9 W (M Z ) 

As we have discussed above, the SM is embedded into a 
PUT gauge group of the form G = SU(4) PS ® SU(2) L ® 
SU(2) R (8> SU(2)' L g) SU(2)' R . The interpretation of the 
fermion content in the present model is however very dif- 
ferent from that used for the same gauge group in (13, HH- 
As a result, the pattern of symmetry breaking and the 
computation of sin 2 9w(Mz) will be somewhat different 
here. The main purpose for computing sin 2 9 w(Mz) is 
to constraint the Petite Unification mass scale. 

The computation of sin 2 9w(Mz) in the breaking pat- 
tern (|17p and, in particular, (|21|K is a little more com- 
plicated than a similar one in [l4, As a result, a 
certain caution is warranted. The difference with [3, EBl 
lies with the fact that the weak SU(2) group there 
was simply one of the SU(2)'s, namely SU(2)l- This 
was referred to as an "unlocked" case. In the present 
model, the weak SU (2) group comes from the break- 
ing SU(2) L ® SU(2) R -> SU(2) V . In the language of 
0, [lH, this is a "locked" case and because of this, as 
we shall see below, the scales M and M turn out to 
be quite large. Our strategy for computing those scales 
will be as follows. First, we will derive an expression for 
sin 2 9w{Mlr) which depends on the three scales Mlr, 



9im R ) g 2 w (M 2 LR ) 



(82) 



where the factor of 2 in (|B"2")) comes from (|2"3"|) . This will 
be used below to obtain a match at Ml R - Since we have 
SU{2)' L {g w )®SU{2)' R {g w )®U{l) s {g s ) U(l) Y (g') at 
M, one has 



r 2 



W) 2 {M 2 ) g 2 w (M 2 ) ~g 2 (M 2 ) 



(83) 



where we have used Eq. ([24| and where C| = 2/3. Fur- 
thermore, at the scale M, one has 



g 3 (M 2 ) = ~g s (M 2 ) = g s (M 2 ) . 



(84) 



One can now examine the evolution of the gauge cou- 
plings from Ml R to M in details. 

Since the particle content of the SU(2)'s groups are 
symmetric and since it is assumed that the fermions and 
scalars have masses less than Ml R , one can use either 
SU(2) l or SU(2) R to study the evolution of the couplings 
from Mlr to M. The basic equations used here are 



1 



9w( m lr) 9 2 w (M 2 ) 



2b 2 ln( 



M 



M 



LR 



(85) 
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r 2 



WnMla) slAM') SUM 2 ) 



MLR 



^(^i?) 5 2 (M 2 ) 
1 1 



Li?. 



(86) 
(87) 



where C% = 2/3, (C^) 2 = 1, C 2 , = 2 and where 
1 ,20 



h = 



b 2 = 



i^-n G + 7) 



48?r 2 v 3 



r (2n G + 5-22) : 



48tt : 



■(4no-33) 



6 = 



48tp 



:(4n G ), 



(89) 
(90) 
(91) 
(92) 



with tig (= left-handed plus right-handed) is the number 
of SU(2)v doublets. (The number of families is tig/2.) 
In addition we also list the coefficient related to SU(2)v 
for the use in the evolution of the SU(2)v coupling from 
Mz to M LR : 



b2V 



1 



48tt : 



■(4n G + 7-22) 



(93) 



A few words concerning the different factors in ([891 1901 
|9T| l92[ l93[) are in order. First, tig refers to the number 
of SU{2)y doublets and that includes both left-handed 
and right-handed fermions. Now, 62 refers to SU(2)l (or 
SU(2)r) and, as a result, til,r = n G /2 resulting in the 
factor 2 no in (|90p while it is 4n G in (|93[) . Second, the 
factors 7 in ([59"[) and 5 in ([9"0[) comes from the counting of 
the number of scalar degrees of freedom as follows. From 
$s, $f and the 5f7(3) c -singlet parts of <J> A and one 
obtains 8 Higgs doublets which contribute a factor of 4 
to b±. In addition, the two Higgs triplets contribute a 
factor 1 + 2 = 3 to b\ giving a total of 7 from the scalar 
sector. On the other hand, above Mlr, only 4 Higgs 
doublets contribute to b 2 since one now has e.g. SU (2) l 
instead of SU(2)v while below Mlr all 4 Higgs doublets 
contribute to b 2 v- 

Eqs . (|89I90I91I92[) are similar in forms to the ones used 
in [lj| to derive sin 2 6w(Mg) except that now we will 
use them to derive an expression for sin 2 9w (M^[ R ) and 
a relationship between these two quantities. Although 
the U(l) em gauge coupling is transmogrified into the 
SU(2)v ®t/(l)y gauge couplings above the electroweak 
scale (or Mz), we will keep the same notation above that 
scale, namely 



1 



1 



e 2 (M 2 LR ) gl{Ml R ) {g') 2 {M 2 LR ) 



(94) 



Let us define a similar quantity involving g\y, namely 
1 1 1 



e 2 (M 2 LR ) 9 2 w (Ml R ) (g'fiMln) ' 



and 



e 2 (Ml R ) 



47T 



Let us recall the definition of sin 0w (M\ 



sin 2 6 w {Ml) 



e 2 (M|) 



(95) 



(96) 



(97) 



with a similar expression evaluated at Mlr- Let us now 
define sin 2 0\y (Ml R ) as 



c ^ 2 fl CM 2 \— ^ 2 ( M lr) 
sm V W (M LR ) 



(98) 



LRl 



Obviously sin 2 §w{M 2 R ) is not the same as sin 2 9w(Mf). 
One can easily derive a relation between the two as fol- 
lows 



sin 2 9 W {M 2 LR ) = 



sin 2 9 w (M 2 LR )/2 
l-(sin 2 e w {Ml R )/2) 



(99) 



upon using Eqs. (|94I95I97I98() . Since we will be com- 
paring the predicted results with the usual sin 2 9w(M??), 
one can rewrite (l99l as 



sin 2 9 w (Ml R ) 



2 sin 2 ~9 w {Mj R ) 
1 + sin 2 W (M 2 R ) 



(100) 



From Eqs. (|85I86I87I88I95I96|) . one can readily derive 
the following formula for sin 2 8w(M 2 R ): 



sin 2 9 W {M 2 LR ) 



2 no r, C 2 "(Mlr) 



us(M 2 R ) 



-8tt&(M 2 lr )[K ln( 



M 



M 



where, in the parlance of [14] . 



sin z 6 



2 20 



(C' w ) 2 



w 



C 2 W + {C' w ) 2 2 + 1 



Li? 



M 
(101) 



(102) 



K = b 1 -2b 2 ~h 3 125 



K' = C 2 s (b-b 3 ) = 



96 it 2 



22 

48 7T 2 



(103) 



(104) 



and where we have used Eqs. ([89190191192^ . Notice the 
interesting fact that the dependence on n G drops out in 
both K and K'. 
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To proceed with (|10ip , we need to evaluate a(M 2 R ) 
and ces{M 2 R ). From the above equations, one can relate 
a(M 2 R ) to the following measured quantities at Mz as 
follows 



*-\Ml R ) = a -\M z )(l-- sin 2 9 W (M 2 )) 



-8tt( 



2 hv)H 'M z 



(105) 



a~\M%) = 
Furthermore, 



127.934, 
with the 



In (|105[) , we will use 
sm 2 e w {M 2 z ) = 0.23113. 
assumption of three or four (SM and mirror) fam- 
ilies i.e. no = 6, 8, it can easily be seen that 
a s (Ml R ) « a s (M z ) « 0.117. This last point is 
interesting on its own: In our model, QCD is nearly 
scale- invariant above M z \ 

The next step involves the extraction from 
sin 2 w (Ml R ) of the values of sin 2 9 W (M Z ). Sev- 
eral steps are involved in this computation. 

• From sin 2 9w(M 2 R ), we can extract sin 2 9w(Mlr) 
via Eq. (fToU]) , 

• Next we calculate a~ 1 (M^ R ) using 



<*-\Ml R ) = a 



-\M 2 z )-8 7r(b 1+ b 2V )H^) 



1 ,32 

6 7T 3 



M z 

ln( ^ } - 
(106) 



• a 2 (M 2 R ) is obtained from 

oq\Ml R ) = sin 2 6 W {M 2 LR ) a-\M 2 LR ) . (107) 

• Next we compute 
a-\M 2 ) = a-^M 2 ^ 



oq\Ml R ) 



8vr6 2 y M^tj^) 

Mz 

J-(4n G -15) In(^). 
6 7r 



• Finally, we obtain 

sin 2 6>vk(M|) = aa x (Af|) a(M|) . 



(108) 



(109) 



As an example, we will show two cases corresponding 
to two values of the ratio . These are shown in the 
tables below. The above two examples show the range 
of mass scales required to give values for sin 2 8 w(M z ) 
consistent with experiment. 

Although the above examples are far from being ex- 
haustive, the mass scale pattern seems to be one in 
which M~lr < ITeV (~ masses of heavy Wh), M ~ 
10 7 GeV-10 8 GeV (~ masses of SU{2)' L ®SU{2)' R gauge 
bosons), and M - 10 15 GeV — 10 17 GeV (the Pati-Salam 
unification scale). Let us notice however that this is not 



TABLE I: Average values of M and M for ^ff = 10 and 

nc = 8 subjected to the constraint 0.2308 < sin 2 Qw{Mz) < 
0.2314 



M(GeV) 


9.51 x 10 6 


2.12 x 10 7 


4.75 x 10 7 


1.06 x 10 8 


M(GeV) 


9.51 x 10 17 


2.12 x 10 16 


4.75 x 10 15 


1.06 x 10 15 



TABLE II: Average values of M and M for = 10 and 

nc = 6 subjected to the constraint 0.2308 < sin 2 8w(M^) < 
0.2314 



M(GeV) 


1.16 x 10 7 


2.59 x 10 7 


5.78 x 10 7 


1.59 x 10 8 


M(GeV) 


1.16 x 10 17 


2.59 x 10 16 


5.78 x 10 15 


1.59 x 10 15 



a prediction for the mass scales. It is simply an illustra- 
tion of the relationships between the various scales con- 
strained by the experimental values of sin 2 6W(M 2 ). It 
goes without saying that Mlr could be larger than 1 TeV 
in which case the Pati-Salam unification scale could be 
higher than 10 17 GeV. The phenomenological implica- 
tions of these values will be discussed in the next section. 



VI. PHENOMENOLOGICAL IMPLICATIONS 

In this section we will present a very brief discussion 
of the phenomenology, the details of which will be pre- 
sented elsewhere. Three main issues among several others 
include the presence of mirror fermions *4], sterile neu- 
trinos (in addition to the electroweak scale right-handed 
neutrinos), and heavy W-like gauge bosons. 

• Mirror fermions: 

What are the effects of the mirror fermions or, in 
general, of extra chiral families on the S and T pa- 
rameters? This question has been previously stud- 
ied in the literature. For example, it was found that 
there are regions of parameter space in a two-Higgs 
doublet model that can accommodate even three 
additional chiral families J2^|. With the presence 
of Higgs triplets, it was also found that one can 
have large negative contributions to S, offsetting 
possible positive contributions to S coming from 
extra fermion families [lH [l| • Our model contains 
eight Higgs doublets, one complex Higgs triplet and 
one real Higgs triplet where the counting include 



TABLE III: Average values of M and M for ^fa = 5 and 

nc = 8 subjected to the constraint 0.2308 < sin 2 6w{M%) < 
0.2314 



M(GeV) 


7.68 x 10 6 


1.72 x 10 7 


3.83 x 10 7 8.57 x 10 7 


M(GeV) 


7.68 x 10 16 


1.72 x 10 16 


3.83 x 10 15 8.57 x 10 14 
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TABLE IV: Average values of M and M for ^f- = 5 and 

nc ~ 6 subjected to the constraint 0.2308 < sin 2 8w(Mz) < 
0.2314 



M(GeV) 


8.79 x 10 6 


1.96 x 10 7 


4.39 x 10 7 9.83 x 10 7 


Af(GeV) 


8.79 x 10 16 


1.96 x 10 16 


4.39 x 10 15 9.83 x 10 14 



only Higgs fields that develop VEVs (flUI])-® and 
(|54]0 . Needless to say, we have the necessary in- 
gredients to accommodate the extra mirror fami- 
lies. One can even work with a four family scenario 
(SM plus mirror) since one now has enough Higgs 
representations to offset any non-degeneracy of the 
extra families. In summary, one can have the cor- 
rect S and T parameters in our model. We will 
now focus on various phenomenological aspects of 
mirror fermions. 

The crux of the model presented in [4J is the exis- 
tence of electroweak scale right-handed neutrinos 
which are non-sterile. Because of this fact, one 
could directly produce those right-handed neutri- 
nos at colliders such as the upcoming LHC or the 
proposed ILC and check the validity of the see- 
saw mechanism. As mentioned in [ij, one of most 
important signals of the model is the presence of 
like-sign dileptons at colliders. Such a signal would 
constitute a high-energy equivalent of neutrinoless 
double beta decay. 

The like-sign dilepton events can come from the 
following subprocesses. 

1) Production and subsequent decays of elec- 
troweak scale right-handed neutrinos: 



M 
J R 



,M 



R 



W 



if + w ± + w d 



(110) 



where e^'^ could be real or virtual depending on 
the mass differences with vr's. The production 
cross section is estimated to be a ~ 400 fb for 
Mr ~ 100 GeV at the LHC. One can also have 
e.g. 



,M 



M,+ 



M,+ 



w 



(III) 



where e and e M are generic notations for (SM and 
mirror) charged leptons. In the above processes, 4>s 
is the singlet scalar field which would be considered 
as missing energy. The W's could transform into 
jets or pairs of leptons. Depending on how heavy 



4>s is, the signal could be quite interesting. If the 
mirror charged lepton is sufficiently long-lived (e.g. 
its decay could occur a few centimeters away from 
the beam pipe), the search for like-sign dileptons 
with displaced vertices would constitute perhaps a 
"clean" signal. 

2) Direct production of like-sign mirror dileptons 
followed by like-sign SM leptons: 



X 



M,- 



M,+ 



(112) 

and similarly for the opposite sign process. Here 
one expects, at the LHC, a production cross section 
a~3pb for M x ++ ~ 200 GeV. 

In a scenario in which VrS are all lighter than the 
mirror charged leptons, the direct production of 
lighter z/^ s is followed by the decay into vl$ plus 
4>Si a U of which will become missing energy: 



Z 



v 



R T "R 



(113) 



All of the above processes can occur and it will be 
interesting to disentangle the two like-sign dilepton 
mechanisms. Beside the difference in cross sections, 
the process (|110l lllip has like-sign dileptons plus 
e.g. one or two jets and missing energy while the 
process (|112l) has a like-sign dilepton plus missing 
energy. This phenomenology will be presented else- 
where. 

3) Last but not least, it would be interesting to 
study the phenomenology associated with mirror 
quarks. These quarks would be produced in collid- 
ers just like a typical SM heavy quarks e.g. the top 
quark. For the heavy mirror quarks to materialize 
into SM particles, one can look at the decay process 
q M — > q + <fis- Here one should perhaps concentrate 
on displaced vertices depending on how long-lived 
the mirror quarks are [23j. 

• Sterile neutrinos Nl and Nr: 

As we have extensively discussed in Section (|IV[) 
various aspects of the sterile neutrinos Nl and Nr, 
we would like to briefly discuss what these particles 
could do in astrophysics and cosmology, among oth- 
ers. A comprehensive study of various constraints 
on the sterile neutrino sector can be found in [18j . 

We have seen above that there are two types of 
sterile neutrinos in our model: Nl and Nr. In the 
two numerical examples given in Section pvp . one 
can have a situation in which the keV sterile neu- 
trino is almost purely Nl- (Again, for simplicity, 
we discuss the one specie case although the keV 
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state could refer to the heavier among the light 
sterile neutrinos.) The first question to ask here 
is the following: What can a keV sterile neutrino 
do? The various possibilities have been extensively 
discussed (for a review and a list of references, see 
[l9l ]) and we will just summarize some of the rele- 
vant points here. For definiteness, we will take as 
an example a 3.24 keV sterile neutrino (mostly Nl) 
with a mixing angle to the SM light neutrino sector 
of the order 2.2 x 1CT 5 as shown in §T5§ and [[77]). 

First, the possibility of keV sterile neutrinos be- 
ing candidates for Warm Dark Matter (WDM) has 
been an exciting and active avenue of research [24| . 
It is believed that the ACDM scenario while ex- 
tremely successful in explaining a fair number of 
cosmological phenomena, appears to have problems 
with structure formation, in particular concern- 
ing the prediction of the number of dwarf galaxies 
which seem to be much larger than the "observed" 
number of such objects. The addition of WDM in 
the form of keV sterile neutrinos appears to alle- 
viate this problem. However, it has been argued 
that the sterile neutrinos cannot constitute the en- 
tire content of dark matter because of conflicts be- 
tween constraints coming from direct x-ray observa- 
tions and indirect ones coming from structure for- 
mation in the form of the so-called Lyman-a forest 
measurements [25]. This conflict arises within a 
specific production mechanism for the sterile neu- 
trinos: the Dodelson-Widrow (DW) mechanism 
[2^ | where sterile neutrinos are produced through 
non-resonant oscillations with the active neutrinos. 
There it was found that for a sub-dominant fraction 
of sterile neutrinos fs = n^S sa ^ fs ~ ^.2, there 
is a range of allowed masses and mixing which sat- 
isfies both constraints, namely ms ~ 2.5 — 16keV 
and sin 2 26> - 9 x lCT 11 - 2.5 x 1CT 9 . Further- 
more the allowed region shrinks to zero at the 3tr 
level as fs tends to unity. Ref.[27j has reanalyzed 
the the proposal that keV sterile neutrinos could 
be the sources of pulsar kicks [l9[ in light of the 
new constraints of 25]. Sterile neutrinos situated 
in the above range satisfy both x-ray and Lya con- 
straints and provide a possible source for pulsar 
kicks. As stressed in [25|, the constraints on fg 
might be relaxed if mechanisms other than the DW 
non-resonant oscillation for the sterile neutrino pro- 
duction are invoked. For a recent discussion, see 
Ref . [28| . The lighter sterile state Nl in our model 
fits the above discussion. 

Unlike many models where the sterile neutrinos are 
right-handed electroweak singlet neutrinos which 
participate in the see-saw mechanism with the ac- 
tive left-handed neutrinos, the sterile neutrinos 
in our model do not mix much with the active 
ones {both left and right-handed states). Further- 
more they come with both helicities: Nl and Nr. 
We have mentioned above the possibility that the 



lighter sterile neutrino Nl could have a mass of 
O(keV) with the astrophysical implications that 
they might have. What could we say about the 
heavier Nr? An extensive study of combined lab- 
oratory, astrophysical and cosmological constraints 
can be found in Ref. [18;]. An earlier bound based on 
accelerator and super-Kamiokande constraints can 
be found in [291 ] . For simplicity, we will just men- 
tion the two examples discussed in Section (|IVJ). 
The first example has TOjv R = 100 GeV and the 
mixing with with the SM vl being 4 x 10 -9 . The 
second example has m^ R = lOMeV and a mixing 
with the SM vl being 4 x 10~ 7 . For the first ex- 
ample, one has sin 2 6*5 ps 1.6 x 10~ 17 . From [l8j |. 
one can see that this is well inside the allowed re- 
gions for Nr «-> v e , Nr <-> and Nr <-> v T . For 
the second example with m,N a — lOMeV, one has 
sin 2 9s ~ 1.6 x 10~ 13 . This is well inside the re- 
gion forbidden by the CMB data [18] although it is 
allowed by accelerator and super-Kamiokande data 
[29I ]. For the kind of mixing angles considered in 
our examples, rriN R appears to be bounded from 
below by a few hundreds of Me Vs. In low reheat- 
ing cosmological scenarios, it is claimed that for 
ms > 30 MeV, cosmological bounds no longer ap- 
ply (30j . In our rather simple analysis here, the 
mixing of Nr with the active sector is quite small 
and it is not clear how one could detect such an 
object. 

• Heavy W-like gauge bosons: 

Unlike extended models in which the electroweak 
SU{2) group is simply SU(2)l with other gauge 
groups being spontaneously broken at a larger scale 
than the electroweak one, our model is rather dif- 
ferent in that the SM SU(2) group comes from 
SU{2) L ® SU(2) R -> SU(2) V . At the scale M LR , 
one has the following interaction Lagrangian 

£w = 9wJl ■ W Lfl + 9wJr ■ W Rll 

;\ J L + J R) ' 



\/2~ H > V2 



V2 L R> ' V2 



where 



and 



J> = / M r (l + 75) ffl/ M 



(114) 



(115) 



(116) 



In (TITS")) and (TiTH)) . / and f M refer to SM and mir- 
ror fermions respectively. From (|114p , one can iden- 
tify 



W v , 



V2 



(117) 
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as the electroweak gauge bosons while the orthog- 
onal combination 



Wt 



w Lli - W Rtl 
V2 



(118) 



represents the heavy W 1 with mass ~ Mlr. Notice 
that the electroweak gauge coupling denoted by the 
usual <?2 is related to gw by 



.92 



gw 

V2' 



(119) 



which is the same as Eq. (|82|). Below Mlr,, one 
can write the interaction Lagrangian involving W 
and W as 



AY 



92 (Ji 



W v , 



92 (J£ 



(120) 



At -r y2 \<J L - »r) ■■ M • 

The SM and mirror fermions interact with W' with 
the same strength but with a different sign. One 
can perhaps exploit this sign difference to isolate 
the contribution from W' . From (|120|) . one can see 
that, at low energies, the "fermi" constant involving 
W' is related to the usual Fermi constant by 



G' _ Gf , M w 
V2 ~ V2 { Ml ' 



(121) 



Looking back at Section one can deduce that 



V2 



The present bounds on W with standard couplings 
to the SM fermions are m > 800 GeV (95% CL) 
for W -► ev, fiv and m > 825 GeV (95% CL) for 
Z' [3l[, although the latter's bound is more model 
dependent. The phenomenology of these gauge 
bosons will be presented elsewhere. 

• Other consequences: 

First, we notice that the previous consideration of 
the group SU(4) P3 ® SU(2) L ®SU(2) R ®SU(2)' L ® 
SU(2)' R where the PUT scale was of the order of 
TeVs leading to severe a violation of the upper 
bound on Kl — > A*e by several orders of magni- 
tude [lij]. This is no longer the case in the present 
scenario since the scale of the spontaneous break- 
down of SU(4) p S -> SU(3) C <g) U(l) s , M, is of the 
order of a typical GUT scale ([V]). In fact flavor 
changing neutral current (FCNC) processes involv- 
ing SU (4) ps I SU(3) C ® U(l)s gauge bosons are to- 
tally suppressed in our present scenario. 

Second, notice that the Higgs field which partici- 
pates in the Majorana mass term for the (active) 
right-handed neutrino is <&io = (10 = 1 + 3 + 
6, 1, 3, 1, 1) (f52|) . One expects the color non-singlet 
parts of <&io (3 and 6) acquire a large mass of 
the order of M ~ 10 15 - 10 17 GeV. Although the 
SU(4)ps/SU(3) c <g> U(l) s gauge bosons do not in- 
duce proton decay, it can occur through the ex- 
change of these color non-singlet scalars. This 



study will be presented elsewhere but one can 
briefly summarize the situation here by stating that 
modes such as p — > ir°e + , p — > ir + D and p — > K + T> 
can in principle all occur and the decay rate can be 
under control. 



VII. FAMILIES FROM SPINORS 

Possibility of a fourth generation: In Sec- 
tion (|V)). we have discussed the computation of 
sin 2 9\y(Mz) for three and four generations. One 
might be perhaps a little puzzled about the reason 
for even discussing the four generation case. And 
there is always the quintessential question of why 
the fourth active neutrino has to be much more 
massive than the other three (at least half the Z 
mass). Below we will present some phenomeno- 
logical and theoretical reasons for why one might 
seriously consider the 4th family. 

There is a quintessential question of why there ex- 
ists three families of quarks and leptons. Whether 
or not there are more than three generations, in 
particular a fourth family, is another question that 
has been entertained over the years [32j but whose 
possibility was generally dismissed because of an 
apparent conflict with electroweak precision data, 
notwithstanding the fact that none has been ob- 
served so far. However, recent studies have re- 
vealed that not only was a fourth generation not 
ruled out by precision data but it might even have 
implications concerning the SM Higgs boson mass 
[33[ and perhaps rare B decays [3J]. Its existence 
might even help bringing in coupling constant uni- 
fication at the two- loop level [35|. Furthermore, 
another recent analysis of experimental constraints 
on a fourth generation of quarks presented regions 
of allowed masses and mixing angles (between the 
fourth and the other three generations) which are 
more flexible than the widely quoted mass lower 
bounds [36|. If the fourth family is not excluded 
experimentally and might even be detected in the 
future, one is again faced with the puzzle of fam- 
ily replication. Are there guiding principles which 
might help us to partially unravel this mystery? 

Let us first notice that a spinor of SO(2n + 2m) 
decomposes into 2 m ~ 1 ip + + 2 m ~ 1 tp- of the sub- 
group SO(2n), where ip+,- are two distinct spinors 
of SO(2n). This fact has been exploited in a num- 
ber of papers on family replication 0, [37j • We will 
present a heuristic argument why, in our frame- 
work, it is desirable to have four generations. 

One has 50(4) « SU(2) ® SU(2) at the Lie al- 
gebra level. (Group-theoretically, one actually has 
SO{4) ra (SU(2) <g> SU(2))/Z 2 .) Let = (2, 1) 
and = (1,2) of SU(2) ® SU(2) and let this 
represent one family. In consequence, a spinor of 
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S0(2m + 4) decomposes into 2 m ~ 1 ip + + 2 m ~ 1 ^_ 
of 50(4) or 2 m ~ 1 families. If, in addition, one re- 
quires that SO {2m + 4), as a gauge theory, should 
be anomaly-free, one observes the following fea- 
tures: (1) m = 1 corresponds to one family and 
50(6) which is not anomaly-free; (2) m = 2 cor- 
responds to two families; (3) m = 3 corresponds 
to four families, etc. ..Case (1) is ruled out by the 
anomaly-freedom requirement; Case (2) is ruled 
out by observation. This leaves us with the sim- 
plest allowed case of m = 3 which corresponds to 
four families. This would correspond to the group 
50(10) Notice that in this case one would have 
50(10) -► SU{A) H ® SU{2) ® SU{2) where the 
subscript H denotes "horizontal" or "family" . One 
might envision the following group: 

SU{A) PS ® 50(10) <g> 50(10)' -> 
SU{4) PS (8 SU{A) H <g> SU{2) L ® SU{2) R 
®SU{4)' H ®SU{2)' L ®SU{2)' R . (122) 

The unprimed and primed sectors have their own 
horizontal (family) gauge groups SU{4) H and 
SU{4)' H respectively. 

It would be amusing if the above group comes from 



5O(10) PS ® 50(10) <g> 50(10)' 
SU{A) PS ® 50(10) ® 50(10)' . 



(123) 



The above presentation is in a nutshell the essence 
of the emergence of family replication from spinors. 

What makes the fourth neutrino much heav- 
ier than the other three? 

The Z-boson width constrains the fourth neutrino 
to be heavier than Mz/2. It is natural then to ask 
why this should be the case if a fourth generation 
exists. Although we do not have an answer to that 
question, we will give a sketch of one scenario where 
one could perhaps try as a first step toward finding 
that answer. 

We will concentrate solely on the lepton sector in 
this section. The purpose is to obtain the ratio of 
the Dirac masses /m/p ~ 10~ 6 for the active 

sector and m^' N /m^' N ~ 10~ 4 for the sterile 
sector according to the numerics discussed previ- 
ously. Let us introduce under SU{4)ps i S>SU{4:)h i S) 
SU{2) L ® SU{2) R ® SU{A)' H ® SU{2)' L ® SU{2)' R 



= (1,1,2,2,1,1,1) 



$^ = (1,15,2,2,1,1,1) 



(124) 



(125) 



The Dirac mass term similar to ^ can now be 
written, for the leptons, as 



where lp and Ip 1 denotes a four-component (funda- 
mental) representation of the family SU{A)h- (A 
term with exactly the same couplings is present for 
the quarks.) With 



(®HS) = V S , 



and 



VA 

2V6 



V 



(127) 



(128) 



"3/ 



one readily obtain tree-level Dirac masses for the 
active neutrinos 



mo 



, A V A 

gsvs + g s 



2V6' 



m 



(4) 

D 



gs^s - 3.g 



VA 

2^6' 



(129a) 



(129b) 



C H = h{gs^HS + 9%®ha)Ir + H.c. 



(126) 



for the common first three generations (|129a|) and 
the fourth generation (|129b[) respectively. 

From (j!29a[) and (|129bj) . one first notices that 
rtip, 7^ rri'p . Because of this difference, one might 
"fine-tune" the VEVs so that g£j^ ~ ~gsv S - If 
that can be done then one could have a situation 
in which mp, <^ ■ A similar consideration can 
be considered for the sterile neutrino sector. These 
hints are under investigation. 

It is beyond the scope of the paper to go deeper 
into this and related issues. This will be presented 
elsewhere. To summarize, we have presented an 
argument outlining the possibility of a heavy fourth 
neutrino, in addition to the three light ones. The 
main point of the argument is simply the fact that 
there is no reason to expect additional neutrinos 
to be as light as the SM neutrinos and that they 
violate the bound coming from the Z width. 



VIII. CONCLUSIONS 

A model with electroweak scale SM non-singlet right- 
handed neutrinos was presented in |4] . It contains a num- 
ber of testable consequences such as lepton-number vio- 
lating processes at colliders through the direct produc- 
tion of the right-handed neutrinos and their subsequent 
decays. In addition, there is a rich Higgs structure that 
can be probed at colliders such as the upcoming LHC 
and the proposed ILC such as the existence of doubly 
charged Higgs scalars contained in the model. 

As shown in this paper, the attempt to unify quarks 
and leptons of the aforementioned model in the man- 
ner of Pati-Salam fails unless one introduces new neu- 
tral fermions which are SM singlets, the so-called sterile 
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neutrinos. However, unlike generic models of sterile neu- 
trinos where they are usually thought of as SM-singlet 
right-handed particles, these new neutral fermions come 
in both helicities:iVL and Nr. This Pati-Salam exten- 
sion basically "completes" the fermionic assignments for 
the SM and mirror SU(2) singlets: (d R ,e R ), (df,ef), 
(ur, Nr) and (uj? , Nl). The gauge extension of the SM 
in this case is the group SU(A) PS ® SU(2) L <g> SU(2) R ® 
SU{2)' L <g) SU(2)' R with all the details given in Section 
piip . This group is reminiscent of the Petite Unifica- 
tion model of [14j but differs from it in a major way, in 
terms of fermionic assignments and patterns of symme- 
try breaking. The computation of sin 2 8 'w(Mz) reveals 
the Pati-Salam scale to be of a typical GUT size. (In this 
sense, it has "grown up" and is no longer "Petite".) It is 
shown in Section (|IV[) that it is reasonable to have keV 
sterile neutrinos which are only remotely constrained by 
the active sector. These keV sterile neutrinos could con- 
stitute a part (or all?) of warm dark matter and could 
be responsible for the so-called pulsar kicks. 

The structure of the aforementioned gauge group and 
its fermionic representations is very suggestive of the 
way spinors of some orthogonal group decompose into 
spinors of its orthogonal subgroup. For instance, a 



spmor of 50(2m+4) decomposes into 2 m - l rb + + 2 m - 1 rb_ 
of 50(4) or 2" 1 - 1 families of 50(4). With 50(4) w 
SU(2) <g> SU(2), it is argued in Section (fvTI|) why the 
simplest, anomaly- free case where m = 3 which corre- 
sponds to the group 50(10) and to four families is an 
appealing scenario. The group that gives rise to this fea- 
ture is argued to be 5*7(4) PS <8> 50(10) ® 50(10)' which 
breaks down to SU(i)p S €>SU{i)n ®SU(2) L ®SU(2) R ® 
SU{A)' H ® SU(2)' L ® SU(2)' R with SU{4) H and SU{A)' H 
being family gauge groups. It is argued in Section (|VII[) 
how one might expect the fourth neutrino to be heavy. 



Acknowledgments 

I would like to thank Goran Senjanovic and Alexei 
Smirnov for hospitality at the ICTP theory group and for 
interesting discussions while part of this work was carried 
out, and to Alex Kusenko for useful communications. I 
would also like to thank Alejandra Melfo and Borut Bajc 
for animated discussions concerning the fourth family. 
This work is supported in parts by the US Department 
of Energy under grant No. DE-A505-89ER40518. 



[1] R. N. Mohapatra and J. C. Pati, Phys. Rev. D 11, 2558 
(1975); G. Senjanovic and R. N. Mohapatra, Phys. Rev. 
D 12, 1502 (1975); R. N. Mohapatra and G. Senjanovic, 
"Neutrino Masses And Mixings In Gauge Models With 
Spontaneous Parity Phys. Rev. D 23, 165 (1981). 

[2] P. Minkowski, Phys. Lett. B 67, 421 (1977); M. Gell- 
Mann, P. Ramond and R. Slansky, in Supergravity, eds. 
P. van Niewenhuizen and D. Z. Freedman (North Hol- 
land 1979); T. Yanagida, in Proceeding of Workshop 
on Unified Theory and Bar-yon Number in the Uni- 
verse, eds. O. Sawada and A. Sugamoto (KEK 1979); 
S. L. Glashow, The future of elementary particle physics, 
in Proceedings of the 1979 Cargese Summer Institute 
on quarks and leptons (M. Levy, J. -L. Basdevant, 
D. Speiser, J. Speiser, R. Gatsmans, and M. Jacob, 
eds.) Plenum Press, New York, 1980, p. 687; R. N. Mo- 
hapatra and G. Senjanovic, Phys. Rev. Lett. 44, 912 
(1980); J. Schechter and J. W. F. Valle, Phys. Rev. 
D 22, 2227 (1980). For recent reviews, see V. Barger, 
D. Marfatia, and K. Whisnant, Int, J,. Mod. Phys. 
E12, 569 (2003) arXiv:hep-ph/0308123 ; R. N. Mo- 
hapatra et al, arXiv:hep-ph/0510213 G. Altarelli, 
|arXiv:hep-ph/061 1 117l ~ 

[3] M. G Chen, A. de Gcmve a and B. A. Dobrescu, Phys. 
Rev. D 75, 055009 (2007) [arXiv:hep-ph/0612017l . 

[4] P. Q. Hung, Phys Lett. B 649, 275 (2007) 
[arXiv:hep-ph7 0612004 . 

[5] B. Bajc and G. Senja novic, JHEP 0708, 014 (2007) 
[arXiv:hep-ph/0612029l . 

[6] W. Y. Keung and G. Senjanovic, Phys. Rev. Lett. 50, 
1427 (1983). 

[7] T. Han and B. Zhang, Phys. Rev. Lett. 97, 171804 (2006) 
[arXiv:hep-pF/ 0604064 . 



[8] G. Senjanovic, F. Wilczek and A. Zee, Phys. Lett. B 141, 

389 (1984). For a review, see J. Maalampi and M. Roos, 

Phys. Rept. 186, 53 (1990). 
[9] P. Q. Hung, Phys. Lett. B 659, 585 (2008) 

[arXiv:0711. '07331 [hep-ph]]. See al so J. P. Bu, Y. Liao 

and J. Y. Liu, larXTv:0802.324ll [hep-ph]; G. Isidori, 

larXiv:0801.3039l [hep-ph], 
[10] See e.g. E. Gates and J. Terning, Phys. Rev. Lett. 67, 

1840 (1991); M. J. Dugan and L. Randall, Phys. Lett. B 

264, 154 (1991). 
[11] P. Q. Hung and P. Mosconi, [arXiv:hep-ph/0611001| 
[12] M. Adibzadeh a nd P. Q. Hung, Phys. Rev. D 76, 085002 

(2007) |arXiv:0705. 11541 [hep-ph]]. 
[13] J. C. Pati and A. Salam, Phys. Rev. D 10, 275 (1974) 

[Erratum-ibid. D 11, 703 (1975)]. 
[14] P. Q. Hung, A. J. Buras and J. D. Bjorken, Phys. Rev. 

D 25, 805 (1982). 
[15] A. J. Buras and P. Q. Hung Phys. Rev. D 68, 035015 

(2003) [arXiv:hep-ph/0305238| . 
[16] H. Georgi and M. Machacek, Nucl. Phys. B262, 463 

(1985); R. S. Chivukula and H. Georgi, Phys. Lett. 

B 182, 181 (1986); P. H. Frampton, M. C. Oh, 

and T. Yoshikawa, Ph ys. Rev. D66, 033007 (2002) 
arXiv:hep-ph/0204273 . For a recent use of a Higgs 

triplet, see E. Ma and U. Sarkar Phys. Lett. B 638, 

356 (2006) [arXiv:hep-ph/0602116| . 
[17] M. S. Chanowitz and M. Golden, Phys. Lett. B 165, 105 

(1985). 

[18] A. Y. Smirnov and R. Zukanovich Funchal, Phys. Rev. 

D 74, 013001 (2006) [arXiv:hep-ph/0603009j . 
[19] A. Kusenko, AIP C onf. Proa 917, 58 (2007) 
arXiv:hep-ph/0703116 ; P. L. Biermann and 

A. Kusenko, Phys. Rev. Lett. 96, 091301 (2006) 



19 



[arXiv:astro-ph/ 0601004 ; A. Kusenko, Phys. Rev. Lett. 

97, 241301 (2006) |arXiv:hep-ph/0609081j . 
[20] R. Rosenfeld an d J. L. Rosner , Phys. Lett. B 516, 408 

(2001) [arXiv:hep-ph/0106335) . 
[21] C. D. Froggatt and H. B. Nielsen, Nucl. Phys. B 164, 

114 (1980); H. Fritz sch and Z. z. Xing, Pro g. Part. Nucl. 

Phys. 45, 1 (2000) [arXiv:hep-ph/9912358| . 
[22] H. J. He, N. Polonsky and S. f. Su Phys. Rev. D 64, 

053004 (2001) [arXiv:hep-ph/0102144 . 
[23] P. H. Frampton P. Q. Hung and M. Sh er, Phys. Rept. 

330, 263 (2000) [arXiv:hep-ph /9903387| . 
[24] K. Abazajian, G. M. Fuller and M. Patel, Phys . 

Rev. D 64, 023501 (2001) [arXiv:astro-ph/0101524] ; 

A. D. Dolgov and S. H. Hansen, Astropart. Phys. 

16, 339 (2002) [arXiv:hep-ph /0009083j ; T. Asaka, 

S. Blanchet and M. Shaposhnikov, Phys. Lett. B 

631, 151 (2005) [arXiv:hep ph /0503065| ; T. Asaka, 

M. Laine and M. Shapo shnikov, JHEP 0701, 091 (2007) 

[arXiv:hep-ph/0612182]; M . Shaposhni kov, N ucl. Phys. 

B 763, 49 (2007) |arXiv:hep-ph/0605047 , ; D. Gor- 

bunov and M. S haposhnikov, JHEP 0710, 015 (2007) 

larXiv:0705.i729l [hep-ph]] . 
[25] A. Palazzo, D. Cumberbatch, A. Slosar and J. Silk, Phys. 

Rev. D 76, 103511 (2007) [arXiv:0707.1495l [astro-ph]]. 
[26] S. Dod elson and L. M. Widrow , Phys. Rev. Lett. 72, 17 

(1994) [arXiv:hep-ph /9303287] . 
[27] A. Kusenko, B. P. Mandal and A. Mukherjee, 

larXiv:0801. 47341 [astro-ph], 
[28] K. Petraki. larXiv:0801.3470l [hep-ph], 
[29] A. Kus enko, S. Pascoli and D. Semikoz, JHEP 0511, 028 

(2005) [arXivihep ph /0405198] . 

[30] G. Gelmini, E. Osoba, S. Palomares-Ruiz and S. Pascoli, 

larXiv:0803.2735l [astro-ph] . 
[31] W.-M.Yao et al. (Particle Data Group), J. Phys. G 33, 1 

(2006) and 2007 partial update for the 2008 edition 

[32] A very incomplete list of references is given here. 
K. S. Babu and E. Ma, Z. Phys. C 29, 41 (1985); 
K. S. Babu and E. Ma, Europhys. Lett. 3, 437 (1987); 



J. L. Hewett and T. G. Rizzo, Phys. Rev. D 35, 2194 
(1987); K. S. Babu, Phys. Rev. D 35, 3477 (1987); 
A. A. Bagneid and T. K. Kuo, Phys. Rev. D 35, 
2275 (1987); V. D. Barger and R. J. N. Phillips, 
Phys. Lett. B 189, 473 (1987); W. S. Hou, A. Soni 
and H. Steger, Phys. Rev. Lett. 59, 1521 (1987); 
W. S. Hou and A. Soni, Phys. Lett. B 196, 92 (1987); 
K. S. Babu and X. G. He, Phys. Rev. D 36, 3484 
(1987); V. D. Barger, In *Santa Monica 1987, Proceed- 
ings, The fourth family of quarks and leptons* 82-91; 
W. S. Hou and A. Soni, Phys. Lett. B 196, 92 (1987); 
E. Ma, Phys. Rev. Lett. 62, 1228 (1989); D. Fargion, 
Yu. A. Golubkov, M. Y. Khlopov, R. V. Konoplich and 
R. Mignani, Pisma Zh. Eksp. Teor. Fiz. 69, 402 (1999 ) 
[JETP Lett. 69, 434 (1999)] [arXiv:astro-ph/99 03086 ; 
M. Sher, Phys. R ev. D 61, 057303 (2000) 
[arXiv:hep-p h/99082 38]; B. Hol dom, JHEP 0608, 
076 (2006) arXiv:hep-ph/0606146 ; B. Holdom, JHEP 
0703, 063 (2007) |arXiv:hep-ph/0702037l ; B. Holdom, 
JHEP 0708, 069 ( 2007) [arXiv: 0705. 1 736 [ [hep-ph]] ; 
[33] G. D. Kribs, T. Plehn, M." Spannows ky and T. M. P. Tait, 
Phys. Rev. D 76, 075016 (2007) [arXiv:0706.3"7l"8l [hep- 

ph]]; 

[34] W. S. Hou, M. Nagashima , G. Raz and A . Soddu, JHEP 
0609, 012 (2006) [arXiv:hep-ph/0603097 ; W. S. S. Hou, 
H. n. S. Li, S. Mishima and M. Nagashima, Phys. Rev. 
Lett. 98, 131801 (2007) [arXiv:hep-ph/0611107| . 

[35] P. Q. Hung, Phys Rev. Lett. 80, 3000 (1998) 
[arXiv:hep ph/9712338] . 

[36] P. Q. Hung and M . Sher, Phys. Rev. D 77, 037302 (2008) 
|arXiv:071 1.43531 [hep-ph]] . 

[37] F. Wilczek and A. Zee, Phys. Rev. D 25, 553 (1982); 
P. Q. Hung, "On The Origin Of Family Replica: Uni- 
fication Of Horizontal And Vertical Symmetries," UVA- 
INPP-92-7; P. Q. Hung Phys. Rev. D 59, 113008 (1999) 
[arXiv:hep-ph/9810419]; P. Q. Hung, Phys. Rev. D 62, 
053015 (2000) |arXiv:hep-ph/000"3303] . 



